Spruce wood specimens were surface-silylated according to three different protocols in order to progressively reduce hydrophilicity and, consequently, adhesion to urea-formaldehyde (UF) glue. Compared to the untreated reference, the macroscopic adhesive strength was drastically reduced in silylated specimens. Specimens treated with the most effective silylation method in terms of reduction of hydrophili city showed near zero adhesion to UF glue. Micromechanical characterisation by means of nanoindentation (NI, Berkovich-type probe) revealed that the wood cell wall stiffness and hardness was not signifi cantly affected by silylation. Contrarily, NI experiments (conical indenter tip with 60 ° opening angle) performed directly at the interface between the wood cell wall and the adhesive showed signifi cantly reduced hardness and reduced specifi c work of NI in silylated specimens. It is concluded that the measured correlation between reduced hydrophilicity in silylated specimens and the mechanical strength of the interface is due to reduced adhesion. This allows calculating the specifi c adhesive energy for the system wood cell wall -urea formaldehyde glue from the difference between the specifi c work of adhesion obtained from the unmodifi ed reference and the most effi ciently silylated specimen. The advantage of this new method lies in the position-resolved measurement of qualitative differences in adhesive energy directly at the interface. This is not feasible with macroscopic test methods, which also include effects of surface roughness, cellular adhesive penetration, or grain angle.
Introduction
The quantifi cation of adhesion between solid phases in a composite material, be it of biological or man-made origin, is essential for a more comprehensive understanding of its properties. At the macroscopic scale, different types of shear-, delamination-, or fracture tests may be employed (e.g., Konnerth et al. 2006 ; Singh et al. 2010 ; Clauss et al. 2011 ; Sahaf et al. 2012 ) , whereas a direct characterisation of adhesion at the microscopic scale is more challenging. The strength of adhesive bonds between reinforcement fi bre and matrix in fi bre-reinforced composites can be determined by means of micro-bond testing on model single-fi bre composites (Gaur and Miller 1989 ; Drzal et al. 2000 ; Zhandarov and M ä der 2005 ) .
Atomic force microscopy (AFM) and nanoindentation (NI) techniques provide some insight into the variability of certain mechanical characteristics at the transition between fi bre and matrix (Gao and M ä der 2002 ; Lee et al. 2009 ). While the microstructure of fi bre-reinforced composites or, even more so, single-fi bre model composites, is fairly simple, great complexity is found at the same scale in wood-based composite materials like medium density fi breboard (MDF) or particleboard. As wood has to be disintegrated to varying degrees in the processing of wood-based composites, one has to deal with particles of different size, geometry and surface roughness.
Also the chemical characteristics of wood surfaces and wood fi bres may vary depending on species and treatment (de Meijer et al. 2000 ; Gindl and Tschegg 2002 ; Peterlin et al. 2010 ) . Thus a method is needed, which is independent of the infl uence of these additional parameters. Once adhesion can be characterised directly at the cellular scale, effects of varying surface chemistry can be studied in combination with various adhesives and related to different wood species or pre-treated wood.
In this context, NI experiments performed directly at the interface between the cell wall and the cured adhesive is a good candidate for problem solution. The NI approach was useful for the characterisation of ceramic-ceramic adhesion ( S á nchez et al. 1999 ) . The adhesion of Si x N y /SiO fi lms to a Si-substrate was measured by performing indents into the substrate on the cross section of the sample. For NIs, a Berkovich-type probe was used, with the near side of the triangular pyramid parallel to the interface.
Because of the brittleness of the substrate, a crack propagates and eventually reaches and follows the line of adhesion, leading to delamination. By measuring the delaminated area and the NI work, a measure for the strength of adhesion is obtained. As means of verifi cation, the critical interfacial energy release rate G ci was compared to model calculations based on the plate model of elasticity, yielding good agreement between the results. The technique was adapted to thin fi lm metal-ceramic interfaces (Elizalde et al. 2003 ) and patterned structures (Molina -Aldareguia et al. 2007 ; Roy et al. 2007 ).
All approaches described above are limited to brittle substrates and can therefore not be directly applied to a relatively ductile wood cell wall-adhesive system, where crack generation can hardly be expected. Therefore, surfacemodifi ed specimens having very low-adhesion propensity were chosen for the present study as reference. The underlying assumption is the following: when a sharp indenter tip is penetrated exactly at the interface between the wood cell wall and the cured adhesive, the energy spent to achieve a certain depth of NI will be the sum of the work required for plastic and elastic deformation of adhesive and adherend, and the work required for separation of the adhesive from the adherend.
When a specimen with an adhesion close to zero is available, the total work of NI should be smaller than the work spent in case of a specimen with strong adhesion. Assuming that the work required for plastic and elastic deformation of adhesive and adherend is the same in both sets of specimens, a fi nal difference in the total NI work will roughly correspond to the work of adhesion. The present study investigates the principal feasibility of such a NI-based method for the measurement of adhesion in wood-based composites at cellular scale.
Materials and methods

Surface modifi cation
Norway spruce wood specimens with a length of 50 mm and a cross section of 10 mm × 5 mm were subjected to three different silylation treatments. 1) Silylation with dichlorodiphenylsilane (DPS) following exactly the procedure of Mohammed -Ziegler et al. (2006) . Briefl y, the specimens were treated for 1 h under continuous stirring in a 1 % (v/v) n-hexane solution of DPS. Then the samples were rinsed with n-hexane and air-dried. 2) A set of specimens was subjected to a two-step treatment with octadecyltrichlorosilane (OTS) and chlorotri methylsilane (CTMS) (Mohammed -Ziegler et al. 2006 ) . The procedure consists of a 1 st silylation step, in which the specimens are treated in a 1 % (v/v) n-hexane solution of OTS for 1 h under continuous stirring with subsequent rinsing with n-hexane. After three days of air drying, the second silylation step is performed with a 1 % (v/v) n-hexane solution of CTMS. The samples were rinsed with n-hexane and air-dried. 3) A set was modifi ed with γ -aminopropyltriethoxysilane (APTES) (Hansmann et al. 2005 ) . The samples were fi rst immersed in cyclohexane for 20 min at approximately 60 ° C. Thereafter, APTES was added drop by drop up to a concentration of 1 % (v/v), as well as small amounts of CTMS and pyridine. The reaction was carried out for 3 h under continuous stirring. The samples were rinsed with cyclohexane and dried at 103 ° C for 24 h.
The static contact angles
CA of deionised water on unmodifi ed and modifi ed wood surfaces were measured with the sessile drop method (Scheikl and Dunky 1998 ) .
Adhesive bonding and macroscopic bond strength
Untreated reference specimens and the three groups of surfacemodifi ed specimens were bonded by means of UF adhesive (Prefere 10F152, Dynea, Austria). After several days of conditioning the bonded specimens were tested in tensile shear, whereby the overlap of the bonded pieces of wood was 10 mm. Specimens not tested served for further characterisation.
Nanoindentation (NI)
Small pieces of wood containing the adhesive bond line were prepared and embedded in epoxy resin by means of vacuum treatment. A smooth surface perpendicular to the direction of wood cells was then prepared by means of sectioning with a diamond knife mounted to an ultramicrotome. Instrument: Hysitron nanoindenter (Hysitron, Minneapolis, MN, USA). Wood cell walls and cured adhesive were indented with a Berkovich-type tip with a total opening angle of 142.3 ° , utilising a linear three-phase load function (Figure 1 a) .
For NI experiments directly into the interface between adhesive and wood cell wall, a cone-shaped tip with an opening angle of only 60 ° and a tip radius of 10 nm was applied. Such geometry leads to a larger force component transverse to the direction of loading in comparison to the fl at Berkovich geometry. Accordingly, a more pointed indenter tip should therefore show a higher sensitivity to the strength of adhesion between the cell wall and the adhesive. A fi rst experiment was performed in load control mode utilising an eight-step load function, where each step consisted of a 3 s load/ hold/unload-phase, an increasing peak load for each step and a 20 s hold-phase for the last step ( Figure 1b) . The stepwise load function was intended to facilitate the detection of sudden changes, e.g., by prerequisite for the envisaged NI experiments is given: on the one hand, a set of reference specimens with good adhesion is available, and on the other hand, a set of modifi ed specimens with very little adhesion characteristic was obtained by surface silylation.
A fi rst set of NI experiments performed with a Berkovichtype pyramid indenter tip was dedicated to the mechanical characterisation of cell wall and adhesive. As summarised in Figure 6 , the cell wall modulus and hardness is not dependent signifi cantly from the type of surface treatment. The magnitude of values measured is well within the range typically observed for wood cell walls (Gindl et al. 1998 ) . In a similar manner, no clear dependencies are visible between the type of surface treatment and the mechanical characteristics of the cured UF resin (Figure 6 ). Only the hardness values obtained for UF resin in an adhesive bond with OTS + CTMS treated specimens deviated signifi cantly, showing an increase of 33 % . In spite of this minor inconsistency, the overall result of the NI experiments is the following: 1) the silylation treatment did not signifi cantly change the mechanical properties of wood cell walls, and 2) the silylation treatment did not inhibit the curing of the bulk UF. Hence a prerequisite for the next step in this study is fulfi lled (unchanged mechanical properties of cell wall and crack generation, in the specimen, which, however, did not occur. A second experiment was performed using various displacement controlled load functions with peak displacements of 850 nm as depicted in Figure 1c -f.
The locations for NI experiments were chosen in the incident light microscope (Figure 2 ) with precise positioning performed from scanning probe micrographs taken with the indenter tip. After each experiment, the accuracy of positioning was verifi ed by means of another scan of the respective specimen area (Figure 2 ). Small deviations of the indent position around the bond line showed no observable infl uence on the results obtained. This is surprising at the fi rst view. Explanation: the path of a crack takes in such a case a direction as revealed by AFM imaging of residual indents (Figure 3 ) . Even when the indenter tip misses the interface by a few tens of nanometres, the stress fi eld eventually reaches the interface at a certain NI depth and the crack path starts to follow the interface.
Data collected: hardness, NI depth, NI modulus (calculated according to Oliver and Pharr 1992 ) , and the total work of NI (calculated by integrating the area under the load-depth curve).
Results and discussion
Macroscopic characterisation
All experiments showed strong effects of the chemical surface treatments on surface polarity and adhesive bonding. CA measurements with deionised water, as a simple method to determine hydrophobicity of surfaces, revealed signifi cant changes (Figure 4 ) . Assuming a direct relation between CA and the surface polarity, the untreated reference showed highest polarity, which decreased progressively after silylation treatment with APTES (T1) > DPS (T2) > OTS + CTMS (T3) (Figure 4) . UF resin is a highly hydrophilic system (Scheikl and Dunky 1998 ) . Therefore it is concluded that, similarly to water, the wettability with UF was decreased by the silylation treatments. This interpretation is supported by the results of the characterisation of macroscopic bond strength by shear testing ( Figure 5 ). Compared to the untreated reference, a clear decrease is seen with increasing CA. With 0.2 MPa the specimens treated with OTS + CTMS retained only 2.7 % of the bond strength of the reference.
Also, the failure mode changed from cohesive wood failure in the reference to pure adhesion failure at high CAs. Thus the Figure 7 Mean force-displacement curves for four differently treated specimens obtained from performing indents at the cell walladhesive interface using an eight-step force controlled load function. The specimen with lowest macroscopic adhesive bond strength (T3) shows the biggest indentation depth at the chosen load.
adhesive). This shows that if differences in NI measurements will be observed, these can be interpreted as deviations in interface characteristics. Two sets of experiments with different aims were performed directly at the cell wall-adhesive interface. The fi rst experiment served to assess the principal feasibility of the chosen approach. All four groups of samples were tested under a force controlled load condition. The mean force-displacement curves are presented in Figure 7 . The measured NI depth at peak load correlates well with the CA of water (Figure 4) .
The difference in NI depth (Figure 7 ) is mainly attributable to deformation occurring during the hold phase, which could be interpreted as a varying degree of delamination at the interface depending on pre-treatment. In contrast, the slope of unload-load cycles, which depends on the elastic properties of the media, is almost identical for all treatments, and therefore the same NI modulus is measured for all samples. This fi rst qualitative analysis is confi rmed by numerical analysis of the NI modulus and hardness (Figure 8 ).
The NI modulus, which depends on the properties of the bulk adhesive and cell wall, shows no correlation with surface treatment. This goes well in line with results presented in Figure 6 , which show no indication of changes in cell wall mechanics due to silylation. In contrast, the hardness at the interface decreases clearly with increasing CA (Figure 8 ). As the characterisation of pure cell wall and adhesive show no clear effect of silylation (Figure 6 ), it is proposed that the trend of decreasing hardness at the interface in parallel to an increasing CA (Figure 8 ) is related to variations in adhesion: decreasing adhesion at the cell wall-adhesive interface facilitates the penetration of the indenter body into the substrate. This statement agrees very well with the macroscopic trend of decreasing bond strength observed with increasing CA (Figure 5 ). Mean force-displacement curves from NI experiments at the cell wall-adhesive interface using displacement controlled load functions. Top: comparison of results obtained on the reference sample using four different load functions; Bottom: comparison of results obtained on the reference and treated sample, respectively, using load function LF3. Specimen T3, which showed little macroscopic adhesion, required signifi cantly less load to obtain the same indentation depth at the interface as the reference, indicating a weaker interface. Having thus established a relationship between the hardness at the interface and adhesion, a second set of experiments was performed in order to assess the infl uence of different load functions. Only the two most extreme samples, i.e., the untreated reference and the most severely hydrophobised OTS + CTMS treated samples were considered. The implementation of a force controlled load function results in varying NI depths, causing different deformation. To prevent this, at this step only displacement controlled load functions were chosen and the same deformation for all indents was afforded.
As visible in Figure 9 , all four displacement-controlled load functions delivered similar results in terms of the maximum load reached at the target NI depth for reference samples. Comparing the reference and the OTS + CTMS hydrophobised sample, all load functions have a signifi cantly lower peak force in treated samples. Figure 9 shows this difference for the example of load function 3. Thus the second set of indents demonstrates that less force is necessary to achieve a desired NI depth in the interface of treated specimens compared to the reference. Consequently, it can be safely concluded that the reduction in required force is due to the diminished adhesion at the interface.
As no evidence of extensive crack formation beyond the immediate indent was observed in AFM images (Figure 3) , it can be assumed that debonding takes place essentially only in the immediate interface region penetrated by the conical indenter. The triangular debond region corresponding to the projected tip shape is defi ned by the known tip opening angle, by the maximum NI depth, and the NI width. While NI depth is automatically recorded, the NI width was determined from AFM images taken after experiments. Figure 10 shows a plot of NI widths compared to NI depth obtained in the force control mode.
A linear relationship is evident, which confi rms that debond regions in different indents have the shape of geometrically similar triangles. The same was true for the displacement control mode, with a small deviation of the NI width around the mean. Based on this fi nding, the specifi c work of NI Ŵ d can be estimated from the total work of NI W d , the maximum indent depth h max , and the constant c, giving the relation between NI width and NI depth, according to Eq. (1).
The results of the calculation of the specifi c work of NI (Table 1 ) reveal a correlation with the type of treatment. As expected, the work of NI decreases with increasing CA and decreasing macroscopic bond strength of the samples, respectively. This effect is clear for both the force-controlled and the displacement-controlled modes. Due to the hysteretic behaviour for the latter mode (Figure 9 ), an increase in the specifi c work is found with an increasing number of unload-reload cycles. It is thus important not to change the load-function for a given experiment. As a consequence of the load-function dependence of the work of NI, the adhesive energy estimated from the difference between the reference and the OTS + CTMS treated sample is variable and ranges from 60 J mm -2 to 170 J mm -2 (Table 1) .
It is therefore important to note that only relative comparisons of adhesion energy can be performed with this method, whereas more complex mathematical analysis will be required to extract absolute values. However, further information can be obtained from a comparison of relative values of specifi c work of NI, when values obtained for the reference sample are defi ned as 100 % . Here, the decrease in the energy spent is in the order of 15 % for all load functions with the only exception of the linear single-load function. It is suggested that the deviation of this load function results from the relatively high NI speed, which did not allow for proper delamination. From the difference in the work of NI between the well-bonded reference and the very weakly bonded OTS + CTMS sample for most load functions it can thus be concluded that in the presented experimental setup, 15 % of the measured energy is due to adhesion at the interface.
Conclusion
It is possible to obtain an estimate of the specifi c adhesive energy between the wood cell wall and UF adhesive by means of nanoindentation (NI). While the absolute values vary clearly depending on procedural parameters, relative changes Table 1 Average contact angle, macroscopic bond strength, and specifi c work of indentation for the differently treated samples (T1-T3) and load functions (force controlled and load controlled LF1-LF4 according to Figure 1) , and the specifi c adhesive energy of the wood cell wall -UF interface calculated thereof. 
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